Abstract Oxidized LDL (oxLDL) increase in patients affected by type-2 diabetes, obesity, and metabolic syndrome. Likewise, insulin resistance, an impaired responsiveness of target tissues to insulin, is associated with those pathological conditions. To investigate a possible causal relationship between oxLDL and the onset of insulin resistance, we evaluated the response to insulin of 3T3-L1 adipocytes treated with oxLDL. We observed that oxLDL inhibited glucose uptake (240%) through reduced glucose transporter 4 (GLUT4) recruitment to the plasma membrane (270%), without affecting GLUT4 gene expression. These findings were associated to the impairment of insulin signaling. Specifically, in oxLDL-treated cells insulin receptor (IR) substrate-1 (IRS-1) was highly degraded likely because of the enhanced Ser 307 phosphorylation. This process was largely mediated by the activation of the inhibitor of kB-kinase b (IKKb) and the c-Jun NH 2 -terminal kinase ( JNK). Moreover, the activation of IKKb positively regulated the nuclear content of nuclear factor kB (NF-kB), by inactivating the inhibitor of NF-kB (IkBa). The activated NF-kB further impaired per se GLUT4 functionality. Specific inhibitors of IKKb, JNK, and NF-kB restored insulin sensitivity in adipocytes treated with oxLDL. These data provide the first evidence that oxLDL, by activating serine/threonine kinases, impaired adipocyte response to insulin affecting pathways involved in the recruitment of GLUT4 to plasma membranes (PM). This suggests that oxLDL might participate in the development of insulin resistance.-Scazzocchio, B., R. Varì, M. DʼArchivio, C. Santangelo, C. Filesi, C. Giovannini, and R. Masella. Oxidized LDL impair adipocyte response to insulin by activating serine/threonine kinases. J. Lipid Res. 2009. 50: 832-845. 
Insulin resistance, commonly considered the major risk factor for type 2 diabetes (1, 2) , is characterized by a reduced ability of insulin to regulate glucose homeostasis in target tissues. In particular, the sensitivity of adipose tissue toward insulin is a crucial event for normal total body fuel metabolism (3) . Fatless mouse models and various conditions of lipodystrophy in humans are associated with severe total body insulin resistance (3) (4) (5) due to the lack of responsive tissue. On the other hand, obesity is closely associated with type 2 diabetes, likely by inducing insulin resistance through different mechanisms such as high plasma level of free fatty acids, increased production of cytokines, and alteration of insulin signaling (6) (7) (8) (9) . The entry of glucose in fat and muscle cells in response to insulin is mediated by the facilitative glucose transporter 4 (GLUT4), which is mainly expressed in those insulinsensitive cell types (10) (11) (12) . GLUT4 is stored in intracellular vesicles from which, in response to acute insulin stimulation, translocates to the plasma membrane facilitating the uptake of glucose (13, 14) . In the skeletal muscles of type 2 diabetes patients, the insulin-induced GLUT4 translocation is markedly reduced (15) . Several signaling cascades triggered by insulin participate in this process, in particular the insulin receptor substrate (IRS)-phosphatidyl inositol 3-kinase-dependent pathway and its downstream kinases such as Akt play a prominent role (16) . However, the mechanism by which the insulin-signaling pathway can induce the translocation process is still an unanswered question. The binding of insulin to insulin receptor (IR), by triggering autophosphorylation, induces, in turn, the phosphorylation of several interacting proteins such as IRS proteins. In particular, IRS-1 contains several potential phosphorylation sites such as tyrosines and serines/threonines that can be phosphorylated in response to different signals that modulate IRS-1 activity. Specifically, in response to insulin, IRS-1 is phosphorylated on specific phosphotyrosine binding domains, which can couple IRS-1 to activated IR, and recruit a number of signal transducers, including phosphatidyl inositol 3-kinase (17, 18) . This leads, through a complex mechanism, to the phosphorylation and activation of Akt, which plays an essential role in GLUT4 translocation (19) (20) (21) (22) (23) (24) . Conversely, the serine phosphorylation of IRS-1 (in particular at ser 307 in mice) has been shown as a major player in the desensitization of insulin action (18, 25, 26) because it can interrupt IRS/IR interaction or promote IRS-1 protein degradation. In both cases, serine phosphorylation of IRS-1 may affect IRS-1 functions that have been postulated to represent a unifying mechanistic link among all the factors involved in the establishment of insulin resistance (25, 27) . In this regard, many authors have found a marked reduction of IRS-1 and GLUT4 content and functionality in the adipose tissue of diabetic patients (28, 29) . Consequently, the decreased sensitivity to insulin of adipose tissue isolated from type 2 diabetes patients seems to be caused by impaired insulin signaling and reduced GLUT4 levels. Both, the inhibitors of kappa B kinase (IKK), in particular IKKb and the c-Jun NH 2 -terminal kinase (JNK), have been shown to phosphorylate IRS-1 at Ser 307 in mice in response to different stimuli, among which TNFa and free fatty acids (25, (30) (31) (32) (33) (34) . Furthermore, phosphorylation induced by the IKK complex and several other signaling pathways is a major mechanism in the activation of nuclear factor kB (NF-kB) (35, 36) . The NF-kB complex, which is activated by several factors such as inflammatory cytokines (6, 37, 38) and oxidized LDL (oxLDL) (39) , appears to influence the establishment of insulin resistance (40) likely by inducing inappropriate inflammatory responses, which can provoke the disruption of insulin signaling cascade. Specifically, NF-kB activation has recently been shown to affect IRS-1 phosphorylation and glucose uptake in 3T3-L1 adipocytes exposed to oxidative stress (41) .
OxLDL, considered to play a major role in the formation and development of atherosclerotic plaques (42) , have been found in the course of atherosclerosis, type 2 diabetes and obesity (43, 44) . Interestingly, several studies have demonstrated that increased plasma oxLDL concentration is associated with the metabolic syndrome (45) (46) (47) (48) . Although the actual extent of in vivo interactions between adipose tissue and lipoproteins is still to be defined, a bulk of data suggests that adipocytes could have a role in the metabolism of circulating lipoproteins including oxLDL. This hypothesis is based on several observations. First, in adipose tissue there is the largest amount of free cholesterol in the body, which originates mainly from circulating lipoproteins because of the low degree of cholesterol biosynthesis in adipocytes (49) . Second, a number of lipoprotein receptors, such as those for VLDL and several LDL receptor family members, are expressed on adipocytes supporting a role for adipose tissue in the modulation of lipid transport as recently demonstrated in mice (50) . Finally, specific receptors for oxLDL, which are active in lipoprotein internalization, have been detected on the membranes of adipocyte cell lines such as 3T3-L1, as well as on human and animal adipocytes (51, 52) . In particular, the presence of the fatty acid transporter/scavenger receptor CD36, and the oxLDL receptor 1 (ORL1) on adipocytes support the hypothesis that the adipose tissue could be involved in oxLDL metabolism in vivo (53, 54) . We have recently demonstrated that oxLDL can be actively taken up by 3T3-L1 preadipocytes through a CD36-mediated transport and that they can induce a significant increase in membrane receptor content. This enables oxLDL to interfere with the homeostasis of adipose tissue by altering the normal balance between differentiation and proliferation in preadipocytes, thus potentially contributing to the appearance of insulin resistance (55, 56) . Furthermore, oxLDL are a causative factor in lowering insulin sensitivity in cultured cells, possibly by inhibiting the signaling kinases responsible for the cellular response to insulin (57) and/or by activating the NF-kB complex, responsible for the regulation of genes involved in inflammation and cell survival (58) . However, to our knowledge, no data are available regarding the effects of oxLDL on the response of adipocytes to insulin.
To elucidate a possible role of oxidized lipoproteins in the development of insulin resistance, we evaluated the effect of oxLDL on the uptake of glucose and the insulininduced translocation of GLUT4 in 3T3-L1 adipocytes, extensively used as the golden standard in evaluating insulin-stimulated GLUT4 traffic (59) . We observed that oxLDL treatment induced a marked insulin-desensitization characterized by a decrease in glucose uptake likely due to the impairment of GLUT4 translocation. Furthermore, we investigated the molecular events underlying the oxLDL-induced insulin resistance, demonstrating that the Ser 307 phosphorylation of IRS-1 was associated with its degradation and with the impairment of insulin signaling. These effects were largely mediated by the activation of the two serine/threonine kinases IKKb and JNK. A parallel activation of NF-kB was also detected, which, in turn, affected insulin signaling cascade and GLUT4 translocation. The treatment of oxLDL-treated adipocytes with specific inhibitors of IKKb, JNK, and NF-kB, in fact, restored insulin sensitivity. Finally, we assessed whether the oxidative stress or the proinflammatory cytokines TNFa and IL-6, which have been demonstrated to promote insulin resistance (41, 60) , are involved in mediating the effect of oxLDL on GLUT4 functionality and glucose uptake.
MATERIALS AND METHODS

Materials
DMEM was purchased from Flow Laboratories (Irvine, UK); fetal calf serum, glutamine, and antibiotics were from Hyclone (Cramlington, UK). 2-Deoxy-D-1[ -TNFa, and -IL-6 and nonimmune IgG antibodies were purchased from R and D Systems (Minneapolis, MN).
Plasma LDL isolation and oxidation LDL (1.019-1.063 g/ml) were isolated by density gradient ultracentrifugation in vertical rotor from fresh pooled plasma of healthy volunteers and provided by the Centro Trasfusionale, University of Rome "La Sapienza," as described elsewhere (61) . The protein content was measured by Lowryʼs method using BSA as standard (62) . Native LDL (nLDL) were oxidized with 20 mM CuSO 4 for 18 h at 37°C. Oxidation was stopped by 1 mM EDTA. The degree of LDL oxidation was assessed by determining the thiobarbituric acid reactive substances content according to Yagi (63) and the increase in electrophoretic mobility on agarose gel (61) ; the thiobarbituric acid reactive substances content of oxLDL was 45 6 7 nmol malondialdehyde equivalent/mg LDL protein (vs. 4 6 0.3 nmol in nLDL). The electrophoretic mobility of oxLDL vs. nLDL was 1.9 6 0.2.
3T3-L1 preadipocyte differentiation
Murine 3T3-L1 preadipocytes (American Cell Culture Collection) were cultured in DMEM supplemented with 10% fetal calf serum, 0.2 mmol/l glutamine, and 10 U/ml antibiotics. Two days after confluence, the cells were treated with the differentiation mixture containing 1 mM insulin, 0.25 mM dexamethasone, and 0.5 mM isobuthylmetylxantine for 48 h. The medium was changed by adding 1 mM insulin for 48 h. The cells were used for the experiments on day 14, when more than 90% of cells presented the adipocyte phenotype as detected by Oil Red O staining and mRNA expression of aP2 and leptin, markers of mature adipocytes (55) .
Adipocytes treatment
OxLDL were sterilized by a 0.22 mm membrane (Millipore Corporation, Bedford, MA) and incubated with the cells. Different oxLDL concentrations (25-200 mg protein/l) were used to test oxLDL cytotoxicity and their effect on glucose uptake in order to choose the best concentration. The dose-response curve of the effect of oxLDL on glucose uptake (Table 1) showed that the reduction of cellular response to insulin was dependent to oxLDL concentration. The 100 mg/l concentration was chosen because it induced approximately 50% decrease in glucose uptake without showing any sign of cytotoxicity, as assessed by Neutral Red assay, or affecting the morphology or the metabolism of differentiated 3T3-L1 adipocytes, as determined by the expression of leptin and aP2 and the incorporation of H 3 -Uridine, which were both comparable to the controls (data not shown). Furthermore, this concentration was of the same order of magnitude as that found in patients with coronary artery diseases (approximately 50 mg/l) (64) .
Under all the experimental conditions described below, differentiated 3T3-L1 cells, untreated and treated with nLDL (100 mg/l), were used as controls. As we obtained wholly overlapping results, the data reported for controls regard only nLDL-treated cells. 3T3-L1 adipocytes were serum starved for 18 h and incubated with 100 mg/l nLDL or oxLDL for 4 h before incubation with 20 nM insulin for 15 min. In a set of experiments addressed to evaluate the involvement of the serine kinases and the transcription factor NF-kB, specific inhibitors were added to the cell culture 30 min before the oxLDL treatment, specifically, 50 mM SP600125, (JNK inhibitor), 50 mM 15d-PGJ2 (IKKb inhibitor), 10 mM NF-kB SN50, or 5 mM BAY11-7082 (NF-kB inhibitors) were added to the cells.
Glucose uptake assay
Mature adipocytes, plated in 24-well plates in low-glucose DMEM (1,000 mg/L D-(1)-glucose) were serum starved for 18 h and stimulated with 20 nM insulin for 15 min. [H 3 ]2-DG (2-deoxyglucose) (1 mCi/well) was added to the cells for 45 min to allow the cells to uptake it. The reaction was stopped with ice-cold PBS. The cells were washed three times with PBS and solubilized in 0.5 ml PBS containing 0.5% TRITON X (65). The total incorporated radioactivity was determined in a liquid scintillation counter. The results were corrected for aspecific absorption by subtracting the remaining radioactivity after the addition of 0.5 mM phloretin, a GLUT4 inhibitor. Aspecific absorption was always less than 10% of total uptake. Results were normalized for protein content measured by Lowry assay (62). In the experiments addressed to test the effect of lipoproteins on glucose uptake, the cells were incubated with 100 mg/L nLDL or oxLDL for 4 h before stimulation with insulin.
Evaluation of oxidative stress occurrence and oxLDL internalization
Intracellular reactive oxygen species (ROS) levels were determined using a fluorescence probe, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA), which is converted to highly fluorescent dichlorofluorescein in the presence of intracellular ROS. Cells were washed with PBS and incubated with freshly diluted CM-H 2 DCFDA (25 mM) in PBS for 1 h and washed twice with PBS. The cell fluorescence intensity was measured on a spectrofluorometer with an excitation wavelength of 485 nm and emission wavelength of 530 nm. The level of reduced glutathione (GSH), oxidized GSH (GSSG), and the GSH/GSSG ratio were determined by the Bioxytech GSH/ GSSG-412 assay kit (OXIS International, Inc., Portland, OR) according to the manufacturerʼs instructions. In some experiments aimed to assess whether the occurrence of oxidative stress could have a role in oxLDL effect on adipocytes, the cells were treated with the antioxidant vitamin E for 30 min before oxLDL treatment, and then glucose uptake was determined.
To determine whether the effect of oxLDL on glucose uptake was mediated by oxidized lipids or needed internalization via membrane receptors such as CD36, we measured glucose uptake in adipocytes treated with 10 mg/ml monoclonal anti-CD36 antibody for 30 min before oxLDL treatment.
Western blotting and immunoprecipitation
3T3-L1 adipocytes were lysed by cell-solubilizing buffer containing 1% TRITON X in PBS, protease inhibitor cocktail (SIGMA), 1 mM Na 3 VO 4 and 50 mM NaF. The whole cell lysates were centrifuged at 4°C for 20 min at 16,000 g to remove insoluble materials. For immunoprecipitation the supernatants were incubated for 2 h at 4°C with specific antibodies, namely anti-IRS-1 or antiIKKb. Then the samples were incubated with protein G-Sepharose for 30 min and the beads washed with the same lysis buffer for three times. For NF-kB determination, nuclear protein extracts were prepared by Nuclear/Cytosol fractionation Kit (Medical and Biological Laboratories, Watertown, LA) according to the manufacturerʼs instructions. The whole cell lysates, the immunoprecipitates and the nuclear extracts were boiled with Laemmli sample buffer for 5 min, resolved by 7.5% (for IRS-1) or 12% SDS-PAGE (for the others), and transferred onto polyvinylidene difluoride membranes. The membranes were blocked by 5% nonfat dry milk and incubated with the appropriate antibodies, followed by incubation with horseradish peroxidase-conjugated secondary antibodies for chemiluminescent detection. Densitometric analysis was performed by a molecular imager FX (BIORAD). Equal loading of proteins was verified by immunoblotting with a goat anti-GAPDH and goat anti-Lamin B antibodies for whole cell and nuclear extracts, respectively.
Membrane GLUT4 determination
To evaluate GLUT4 in plasma membranes (PM), the cells were fractionated according to McKeel and Jarett (66) . Briefly, cultures were washed once with TES buffer (10 mM TRIS-HCl, 1 mM EDTA, 255 mM sucrose, pH 7.4) and homogenized in ice-chilled TES using a 1 ml Dounce homogenizer. The homogenate was centrifuged at 16,000 g for 20 min at 4°C and solidified surface fat was removed. The resulting pellets were resuspended in TES, layered on a 1.12M sucrose cushion in 10 mM TRIS-HCl, 1 mM EDTA and centrifuged at 200,000 g for 15 min at 4°C in a Beckman ultracentrifuge SW 60 rotor. PM were collected at the interface, diluted in TES buffer (4:1) (v/v) and centrifuged at 16,000 g for 15 min at 4°C. PM pellets were resuspended in TES and immunoblotted for GLUT4. Equal loading of proteins was verified by immunoblotting with a goat anti-GAPDH.
Total RNA extraction and RT-PCR analysis
Total RNA was extracted from cultured 3T3-L1 adipocytes by the TRIZOL isolation method (Invitrogen-Life technologies) according to the manufacturerʼs recommendations. One microgram of total RNA was used for RT-PCR analysis (Invitrogen). RT-PCR was done with the following couples of primers: 5′-GCA TCG CCT AAC ACA TGG TGA C-3′ and 5′-GCT GCA CCC TGG GAA AGG AGG TCT A-3′ for amplification of GLUT4; 5′-CCA CCC ATG GCA AAT TCC ATG GCA-3′ and 5′-TCT AGA CGG CAG GTC AGG TCC ACC-3′ for GAPDH used as housekeeping gene. The samples were incubated in an automated heat-block (Minicycler, MJ Research) under the following conditions: 94°C for 30 s, 60°C for 30 s, and 72°C for 40 min using 25-28 cycles. The PCR products were electrophoresed on a 1.5% agarose gel containing ethidium bromide. Densitometric analysis was performed by a molecular imager FX (BIORAD).
Assessment of PPARg activity
PPARg activity was determined in nuclear extracts with the TransAM ELISA Kit (Active Motif Europe Rixensart, Belgium) according to the manufacturerʼs instructions.
Evaluation of inflammatory cytokines
To evaluate the involvement of proinflammatory cytokines in oxLDL-induced insulin resistance, TNFa and IL-6 secretion was determined in the culture media by Elisa kit (R and D Systems Inc., Minneapolis, MN) according to the manufacturerʼs instructions. Furthermore we studied the effect of neutralizing monoclonal anti-TNFa (2 mg/ml) and anti-IL-6 (0.5 mg/ml) antibodies on GLUT4 translocation by adding them to the cell cultures 30 min before oxLDL treatment.
Statistical analysis
Studentʼs t-test was used for statistical analysis. Data are expressed as mean 6 SEM. A value of P , 0.05 was considered significant.
RESULTS
Insulin-induced glucose uptake and GLUT4 translocation in oxLDL-treated 3T3-L1 adipocytes 3T3-L1 mature adipocytes differentiated by hormonal mixture proved to be a suitable model for detecting the cellular response to insulin stimulation. To determine insulin sensitivity, we evaluated glucose uptake demonstrating that it was strongly increased in cells treated with insulin, with respect to untreated cells (Fig. 1) . To evaluate whether lipoproteins affected cell sensitivity toward insulin, adipocytes were incubated with oxLDL or nLDL for 4 h before insulin stimulation and glucose uptake determination. The results showed that insulin-induced glucose uptake was significantly inhibited (240%) after oxLDL treatment with respect to the untreated and nLDL treated cells (Fig. 1) . We also demonstrated that the activity of oxLDL on 3T3-L1 cells required the internalization of the lipoproteins through the scavenger receptor CD36. In fact, by treating the adipocytes with 10 mg/ml of monoclonal Fig. 1 . Oxidized LDL (OxLDL) decrease glucose uptake in 3T3-L1 adipocytes after internalization by CD36 3T3-L1 adipocytes were serum starved in low-glucose medium for 18 h, preincubated with 10 mg/ml monoclonal anti-CD36 antibody for 30 min, treated with 100 mg/l native LDL (nLDL) or oxLDL for 4 h before incubation with 20 nM insulin for 15 min. The rate of glucose uptake was determined upon addition of [H 3 ]2-DG (2-deoxyglucose) for 45 min. Basal glucose uptake in untreated cells was set at 100% to which all other values were related. The data are means 6 SEM of three independent experiments. * P , 0.05 compared with the basal uptake; # P , 0.05 compared with untreated or nLDL treated cells; § P , 0.05 compared with oxLDL treated cells.
anti-CD36 antibody before oxLDL, we completely counteracted the impairment of glucose uptake (Fig. 1) .
The lowered glucose uptake found after oxLDL treatment was associated with an impairment of the facilitative glucose transporter GLUT4. Specifically, by assessing GLUT4 protein level by Western blot analysis in whole cell lysates and PM, we found that the GLUT4 protein level was reduced in the plasma membrane by as much as 70% with respect to the controls ( Fig. 2A) , while the total level of the protein was unaffected by the treatment with oxLDL (Fig. 2B) . Furthermore, oxLDL exerted only a moderate effect on GLUT4 mRNA expression (Fig. 2C) . These results indicated that the insulin-induced translocation of GLUT4 was significantly reduced in oxLDL-treated 3T3-L1 adipocytes. Thus, the decreased uptake of glucose induced by oxLDL seemed to be determined by the impairment of GLUT4 translocation rather than by a reduced GLUT4 total protein level or mRNA expression.
The impairment of glucose uptake induced by oxLDL is not related to the occurrence of oxidative stress
Because hydrogen peroxide has been demonstrated to affect GLUT4 functionality (41, 67) , and oxLDL can induce oxidative stress in several cell types, we carried out experiments to evaluate intracellular redox balance in 3T3-L1 after 4 h oxLDL exposure. To this aim, we determined the intracellular production of ROS, which was unchanged in oxLDL-treated cells with respect to the control ( Table 2) . Furthermore, because GSH is the major nonenzymatic regulator of intracellular redox homeostasis, we evaluated the levels of GSH, GSSG, and the GSH/GSSG ratio after oxLDL treatment: we found no difference between treated and untreated cells ( Table 2 ). These results showed that effect of oxLDL on adipocyte glucose uptake was not dependent on oxidative stress. As further confirmation we demonstrated that the antioxidant Vitamin E could not revert the impairment of the cellular response to insulin induced by oxLDL (data not shown).
OxLDL effects on IRS-1
To investigate the molecular mechanism involved in the reduction of the adipocyte response to insulin stimulation determined by oxLDL treatment, we evaluated insulininduced IRS-1 activation, because of its central role in the insulin-induced translocation of GLUT4. First, we determined the cellular content of IRS-1 protein with the specific antibody by Western blot analysis in total cell lysates, to detect any possible alteration of its expression due to the oxLDL treatment. When we evaluated IRS-1 abundance at different time points after oxLDL treatment, we found that it gradually reached a 70% reduction at h 4 as compared with the time 0 (Fig. 3A) . These results suggested that oxLDL enhanced IRS-1 protein degradation. Because serine phosphorylation, specifically at Ser 307 , has been reported to favor IRS-1 degradation and to affect its activity (25, (30) (31) (32) (33) (34) (68) (69) (70) , we evaluated serine phosphorylation of Fig. 2 . Gene and protein expressions of glucose transporter 4 (GLUT4) in oxLDL-treated adipocytes 3T3-L1 adipocytes were serum starved for 18 h and incubated with 100 mg/l nLDL or oxLDL for 4 h before incubation with 20 nM insulin for 15 min. A: Plasma membrane fractions were prepared as described in Materials and Methods. Immunoblotting of GLUT4 and GAPDH were determined. B: The cell lysates were resolved by SDS-PAGE and analyzed using antibodies against GLUT4 and GAPDH. The blots are representative of at least three independent experiments. C: Total RNA was analyzed by RT-PCR as described in Materials and Methods. The values indicate expression of target gene normalized to GAPDH RNA and expressed as percentage of nLDL control (CTR). The data are means of three independent experiments 6 SEM. * P , 0.001 compared with nLDL (CTR). IRS-1 in oxLDL-treated adipocytes. Immunoblotting on IRS-1 immunoprecipitates was done using a phospho-ser 307 -IRS-1 antibody. OxLDL treatment induced a remarkable increase of Ser 307 phosphorylation with respect to control cells with the maximal response after 1 h (Fig. 3B) .
Role of IKKb and JNK in IRS-1 serine phosphorylation induced by oxLDL
Phosphorylation of Ser 307 in IRS-1 can be obtained by either JNK or IKKb (71); hence we hypothesized that the oxLDL treatment should be able to activate these two serinekinases in 3T3-L1 cells. To verify our hypothesis, we evaluated the active phosphorylated form of IKKb and JNK in immunoprecipitates by using the phospho-specific antibodies. OxLDL-treatment induced a significant increase of IKKb and JNK phosphorylation with respect to the control cells (Fig. 4A, B) . To further confirm the role of IKKb and JNK in Ser 307 phosphorylation of IRS-1 protein, the specific inhibitors 15-deoxy-D 12, 14 -prostaglandin J 2 (15d-PGJ 2 ) and SP600125 respectively, were used. We found that Ser 307 phosphorylation was completely inhibited when oxLDL-treated adipocytes were incubated with the aforementioned specific chemical inhibitors of IKKb or JNK (Fig. 5A) . Worthy of note, the treatment of the adipocytes with the inhibitors of the two serine-kinases counteracted the inhibition of GLUT4 translocation to PM observed in oxLDL-treated adipocytes (Fig. 5B) . Moreover, a recovery of glucose uptake was detected (Fig. 5C) . Our findings support a specific involvement of JNK, and mainly of IKKb, in the impairment of insulin signaling induced by oxLDL treatment. In addition, because 15d-PGJ 2 has been largely demonstrated to be a PPARg agonist, we evaluated whether the observed effect of prostaglandin was dependent on PPARg activation. Our results demonstrated that oxLDL induced a significant decrease in PPARg activity with respect to control cells and that 15d-PGJ 2 was ineffective at activating PPARg in the presence of oxLDL (Fig. 5D) .
OxLDL induce the activation of NF-kB pathway in 3T3-L1 adipocytes
It is widely known that a large number of stimuli inducing stress conditions, among which oxLDL, activate the transcription factor NF-kB (58), which is involved in triggering the induction of inflammatory and proliferating genes. NF-kB is normally sequestered by IkB proteins, in particular IkBa, in the cytoplasm. Therefore, IkBa must be degraded to allow the translocation of the transcription factor to the nucleus where it binds to specific DNA sequences. The degradation of IkBa is induced by the phosphorylation of two serine residues mediated by IKKs (72) , and represents the critical regulatory step in the activation of NF-kB. In the light of this knowledge and on the basis of our findings on the oxLDL-induced activation of IKKb, we hypothesized that NF-kB could be also involved in the impairment of insulin sensitivity in our experimental model. We thus evaluated the activation of NF-kB by measuring its nuclear level in 3T3-L1 adipocytes after 4 h treatment with oxLDL. A twofold increase in the nuclear content was observed in cells treated with modified lipoproteins with respect to the controls by using specific NF-kB p65 antibody (Fig. 6A) . The activation of NF-kB was consistent with the finding that the content of IkBa in the cytoplasm was significantly decreased with respect to the control cells (Fig. 6B) . This result was likely dependent on the increased degradation of the IkBa protein due to its serine phosphorylation mediated by IKKb. This hypothesis was supported by the findings that 1) IKKb inhibitor 15d-PGJ 2 counteracted IkBa degradation and the consequent NF-kB activation, (Fig. 6A, B) while, as expected, JNK inhibitor SP600125 was ineffective (data not shown); and 2) IkBa serine phosphorylation in- creased by two-fold following the addition of oxLDL to the cells and was hindered by IKKb inhibitor (Fig. 7) .
NF-kB reduces GLUT4 translocation through an IRS-1 independent mechanism
To evaluate whether activated NF-kB was implicated in impairing the response to insulin, the cells were treated with a cell-permeable peptide inhibitor of NF-kB nuclear translocation, namely NF-kB SN50, and with an inhibitor of IkBa phosphorylation, namely BAY-11-7082 before oxLDL treatment and glucose uptake determination. The results indicated that both the inhibitors managed to revert the glucose uptake to control level (Fig. 8A) . Worthy of note, the treatment with NF-kB inhibitors restored the normal recruitment of GLUT4 to the plasma membrane (Fig. 8B) . Our results are in agreement with the finding that fatty acid-induced insulin resistance requires nuclear translocation of NF-kB in L6 myotubes (38) .
Finally, to clarify the relationship between NF-kB and insulin signaling, we assessed the effect of NF-kB SN50 on the impairment of insulin signaling induced by oxLDL. The NF-kB inhibitor was ineffective at counteracting the Ser 307 -phosphorylation of IRS-1 (Fig. 9) . Our findings suggested that the activation of NF-kB played an important role in the development of insulin resistance by affecting insulin-stimulated glucose uptake, independently of the impairment of IRS-1 functionality in oxLDL-treated adipocytes. To elucidate the mechanism responsible for the involvement of the NF-kB signaling pathway in oxLDL-induced insulin resistance, we investigated the role of the proinflammatory cytokines TNFa and IL-6, which have been demonstrated to be specific NF-kB target genes and also NF-kB activators. Immunodetection demonstrated the absence of any cytokine release in the culture media after the 4 h treatment with oxLDL. Because the short period of time could negatively affect release detection, we investigated a possible role of the cytokines inside the cells by using specific monoclonal antibodies to neutralize TNFa and IL-6 activities. Specifically, we found that cell treatment with anti-TNFa and IL-6 neutralizing antibodies had no effect on either NF-kB activation or GLUT4 translocation (Fig. 10) .
DISCUSSION
In the present study, we used 3T3-L1 adipocytes as an in vitro model system to assess the effect, and the underlying molecular mechanisms, of oxLDL on the glucose uptake and the response of adipocytes to insulin. As such our study provided insight into the mechanisms of insulin resistance induced by oxLDL. Although positive correlations have been demonstrated among visceral fat accumulation, circulating levels of oxLDL, and insulin resistance (73, 74) , Fig. 6 . Effects of IKKb inhibitor on nuclear factor kB (NF-kB) activation and IkBa degradation in oxLDL-induced 3T3-L1 adipocytes Cells were serum starved for 18 h, preincubated with 50 mM 15d-PGJ 2 for 30 min, treated with 100 mg/l nLDL or oxLDL for 4 h, and then stimulated with 20 nM insulin for 15 min. Nuclear and cytosolic extracts were prepared as described in Materials and Methods and analyzed by immunoblotting of NF-kB p65 (A), IkBa (B). Lamin B and GAPDH antibodies were used as markers for nuclear and cytosolic extracts, respectively. Representative images are shown from three independent experiments. * P , 0.05 compared with nLDL (CTR).
# P , 0.05 compared with oxLDL. Fig. 7 . IKKb inhibitor prevents oxLDL-induced IkBa degradation in 3T3-L1 adipocytes 3T3-L1 adipocytes were preincubated with 50 mM 15d-PGJ 2 for 30 min followed by nLDL or oxLDL treatment for 4 h before stimulation with 20 nM insulin for 15 min as described in Materials and Methods. Total cell lysates were analyzed by Western blotting using anti-phospho(ser32/36)-IkBa and anti-GAPDH antibodies. Representative images are shown from three independent experiments. # P , 0.05 compared with nLDL (CTR); * P , 0.001 compared with oxLDL.
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by guest, on September 21, 2017 www.jlr.org only few studies have explored the link between oxLDL and insulin resistance, in particular regarding a possible alteration of adipose tissue response to insulin signal. OxLDL are considered major players in the pathogenesis of atherosclerosis and have been shown to be greatly increased in the plasma of patients affected by type-2 diabetes, obesity, and metabolic syndrome. In vitro and in vivo experiments seem to suggest interactions between adipocytes and oxLDL as well as a physiological role of adipose tissue in the clearance of circulating oxLDL (51, 53, 75) . In the present study we provide the first evidence that oxLDL induced insulin resistance by impairing insulin signal at multiple levels as shown in Fig. 11 . As a consequence, oxLDL impaired the insulinstimulated translocation of GLUT4 to the plasma membrane and consequently decreased glucose transport. Under basal conditions the majority of GLUT4 is sequestered intracellularly within insulin-responsive storage compartments not well biochemically or structurally identified yet. Insulin stimulates the recruitment of GLUT4 from intracellular compartments to plasma membrane and the increased level of the transporter at the cell surface appears to largely account for the concomitant increase in transport activity (76, 77) . Insulin increases the concentration of the transporter in plasma membrane through complex mechanisms, which involve a cascade of scaffolding proteins downstream of the activated IR (78) . Among these proteins, there are the four members of the IRS family proteins IRS-1, -2, -3, -4. IRS-1 contains several potential tyrosine and serine/threonine phosphorylation sites that can be phosphorylated in response to different signals, modulating IRS-1 activity. Our results provided evidence that oxLDL increased serine 307 -phosphorylation of IRS-1 and enhanced its degradation in 3T3-L1 adipocytes, revealing a potential role in insulin action. In this regard the involvement of serine phosphorylation of IRS-1 has been pointed out as one of the mechanisms known for attenuating IR signaling because of the lower efficiency of serine-phosphorylated IRS-1 to couple the IR (18) , thus decreasing its effectiveness in insulin signal transmission (70, 79, 80) . The serine phosphorylation of IRS-1 can, in fact, induce conformational changes, steric hindrance, and cellular relocalization (81) , leading to the decrease in tyrosine phosphorylation induced by IR and consequently to the impairment of GLUT4 functionality (82) . Worthy of note, we provided the first evidence that in 3T3-L1 adipocytes the oxLDL are able to activate IKKb and JNK. Furthermore, the inhibition of both IKKb and JNK by their specific inhibitors 15d-prostaglandin J2 and SP600125 prevented the phosphorylation at Ser 307 of IRS-1 and the functional alterations induced in adipocytes by oxLDL. Therefore the effects on glucose uptake and the impairment of insulin signaling were largely mediated Immunoblotting of GLUT4 on plasma membrane fractions. Cells were washed after nLDL or oxLDL treatment for 4 h and plasma membrane fractions were prepared as described in Materials and Methods. Results were normalized to GAPDH protein content. Blots are representative of at least four independent experiments. The data are means 6 SEM of three independent experiments. * P , 0.05 compared with nLDL (CTR); # P , 0.05 compared with oxLDL. Fig. 9 . Effects of NFkB inhibitor on oxLDL-induced serine phosphorylation of IRS-1. Cells were prepared after 1 h treatment with nLDL or oxLDL, and immunoprecipitates with IRS-1 antibody were resolved by 7.5% SDS-PAGE and analyzed with antinonphospho-or antiphospho-ser 307 IRS-1 antibody. Blots are representative of at least four independent experiments. The data are means of four independent experiments 6 SEM.* P , 0.001 compared with nLDL (CTR).
by the activation of the two serine/threonine kinases, which have been previously demonstrated to be activated by the proinflammatory conditions associated with insulin resistance (26, 83, 84) . The involvement of IKKb and JNK in our experimental model was in agreement with several published papers, which have suggested serine kinases activation as an intervening mechanism in inducing insulin resistance (25, (30) (31) (32) (33) (34) (85) (86) (87) . As a point of fact, high doses of aspirin or salicylate, which inhibit IKKb activity (88) , have been shown to reverse hyperglycemia, hyperinsulinemia, and dyslipidemia in obese rodents by sensitizing the animals to insulin signaling (89, 90) . Furthermore, IKKb and JNK might activate other pathways. Specifically, IKKb has been shown to be involved in the activation of NF-kB signaling pathway (91) (92) (93) . In this regard, we demonstrated that NF-kB nuclear content was significantly increased in 3T3-L1 adipocytes treated with oxLDL. This finding was in agreement with the well-known effect of low concentrations of oxLDL that rapidly activate NF-kB in other cell types, under conditions inducing mitogenic and proinflammatory response (94) . The activation of NF-kB normally requires the phosphorylation and the subsequent degradation of the inhibitory kB proteins (IkBs), which sequester the NF-kB dimer in the cytoplasm. It is noteworthy that the increased nuclear level of NF-kB was associated with the strong decrease in NF-kB inhibitor IkBa as we found in oxLDL treated adipocytes. We thus hypothesized that the observed activation of IKKb, responsible for the serine phosphorylation of IRS-1, was also able to inactivate IkBa producing the NF-kB activation observed in oxLDL treated adipocytes. In fact, by phosphorylating IkBa, IKKb triggers its polyubiquitination and proteosomal degradation, which brings about the release of unbound NF-kB (35, 36) and its translocation to the nucleus, where it induces gene transcription. Our hypothesis was confirmed by showing the serine-phosphorylation of IkBa in the adipocytes treated with oxLDL. As further support we demonstrated that IkBa degradation was counteracted by IKKb inhibitor, as shown by the nonoccurrence of its phosphorylation.
The involvement of NF-kB in oxLDL-induced insulin resistance was further supported by treating the adipocytes with the specific inhibitors of NF-kB translocation or IkBamediated activation. The NF-kB inhibitors counteracted the impaired recruitment of GLUT4 to the plasma membrane and the decrease in glucose uptake.
Moreover, we demonstrated that the prevention of NFkB nuclear translocation had no effect on the Ser 307 -phosphorylation of IRS-1. This finding thus demonstrated, in agreement with Sinha et al. (38) , that nuclear translocation of NF-kB was required to affect insulin-stimulated glucose uptake and GLUT4 translocation, but not to impair insulin signaling.
Taken together, the results obtained by inhibiting IKKb or NF-kB suggested that the oxLDL-induced activation of IKKb could affect glucose uptake by activating NF-kB. This finding could also suggest that product(s) of NF-kB-regulated gene(s) could be responsible for the impairment of GLUT4 functionality induced by oxLDL. In the attempt to address this possibility we evaluated the role of two proinflammatory cytokines, namely TNFa and IL-6, which have been demonstrated to be specific NF-kB target genes (95, 96) and to induce insulin-resistance by activating NF-kB (97, 98) . The absence of cytokines release as well as the inefficacy of cytokines neutralizing antibodies at counteracting GLUT4 dysfunction, suggested that these cytokines were not involved in the mediation of oxLDL effects under our experimental conditions. However, the large number of NF-kB target genes that could be potentially involved in this process require further study.
Finally, it should be considered that the effect of oxLDL on the sensitivity of adipocytes to insulin could be associ- Fig. 10 . Effects of anti-TNFa and anti-IL-6 neutralizing antibodies on GLUT4 membrane translocation and NF-kB activation in oxLDLtreated 3T3-L1 adipocytes. 3T3-L1 adipocytes were serum starved for 18 h, preincubated with monoclonal anti-TNFa (2 mg/ml) or anti-IL-6 (0.5 mg/ml) antibodies for 30 min, treated with 100 mg/l nLDL or oxLDL, and then stimulated with 20 nM insulin for 15 min. A: Immunoblotting of GLUT4 on plasma membrane fractions. Plasma membrane fractions were prepared as described in Materials and Methods. Results were normalized to GAPDH protein content. B: Immunoblotting of NF-kB p65 on nuclear extracts. Nuclear extracts were prepared as described in Materials and Methods and analyzed by immunoblotting of NF-kB p65. Lamin B antibody was used as marker for nuclear extracts. ated with the induction of intracellular oxidative stress by the modified lipoproteins. It has been reported that the oxidative stress induced by hydrogen peroxide impairs insulin-stimulated GLUT4 translocation through the impairment of the cellular response to insulin (99, 100) . However, we can exclude the implication of oxidative stress in oxLDL-treated 3T3-L1. In fact, although oxLDL have been demonstrated to induce an intracellular redox imbalance in several cell kinds (101, 102) , in our experimental system this did not occur as supported by the lack of ROS production and of GSH consumption following oxLDL treatment, and by the inability of the antioxidant vitamin E to restore glucose uptake. Finally, cell treatment with anti-CD36 antibody, which blocks the main scavenger receptor for oxLDL present on the cell membrane, counteracted the effect of lipoproteins, clearly demonstrating that oxLDL must be internalized to affect glucose uptake.
The results herein reported could appear in contrast with a report that showed the effect of thiazolidinedione treatment on 3T3-L1 (54) . In this study the authors demonstrated that thiazolidinedione improved adipocyte insulin sensitivity and, at the same time, strongly increased the cellular uptake of oxLDL by the up-regulation of the scavenger receptor OLR1. This was related to the PPARg activation due to thiazolidinedione. What makes the present study different is that in our system PPARg was not activated, but oxLDL decreased its level also in agreement with our previous papers (56) . Summarizing, we provided evidence that oxLDL lowered the sensitivity of adipocytes to insulin by impairing GLUT4 translocation and glucose uptake. Specifically, we showed for the first time that oxLDL were able to activate IKKb, which enhanced serine phosphorylation of IRS-1 and IkBa, thus impairing the cell response to insulin. Worth of note, we also demonstrated that IKKb2induced nuclear translocation of NF-kB affected GLUT4 recruitment through a mechanism independent of the impairment of IRS-1 functionality and the secretion and activity of TNFa and IL-6.
In conclusion, this study further sheds light on the complex mechanisms involved in the onset of insulin resistance in adipocytes. A better understanding of the cell-signaling pathways playing a crucial role in the modulation of insulin action and how they integrate with each other provides an opportunity for the effective exploitation of these path- -phosphorylation of IRS-1 by IKKb and JNK. The impairment of insulin signaling leads to reduced uptake of glucose via GLUT4. IKKb is also involved in the activation of NF-kB signaling pathway by phosphorylating IkBa. NF-kB downregulates GLUT4 translocation and glucose uptake. OxLDL, oxidized lipoproteins; IRS-1, insulin receptor substrate 1; GLUT4, glucose transporter 4; p-tyr, phosphotyrosine; p-ser, phosphoserine; IKKb, inhibitory protein kB kinase b; JNK, c-Jun NH 2 -terminal kinase; IkBa, inhibitory kB protein a; NF-kB, nuclear factor kB.
ways as a potential target for efficient drugs in the treatment of insulin resistance and type 2 diabetes.
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